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The addition of an antioxidant is required to prevent lipid oxidation. Moreover, use of a natural antioxidant instead of chemical ones could benefit and cause no adverse effects on human health. Amino acids and peptides are known as typical metal chelators. They have been found to exhibit a mild antioxidant effect in nonaqueous media, etc. Proteins are present in the majority of agri-food sources and may serve as a source of antioxidatively active peptides produced by the hydrolysis of animal-, plant-, and marine-origin raw materials and their processing by-products and wastes [5] . Marine processing by-products are one of the natural substances that contain bioactive peptides with valuable functional properties, including antioxidant, antihypersentive, calcium binding, antimicrobial, antithrombotic, and immunomodulatory activities [5] [6] [7] . Additionally, different shrimp hydrolysates have been known to have antioxidative activities. In recent years, hydrolyzed proteins from shrimp and shrimp by-products have also proven to be good sources of antioxidant peptides, hypocholesterolemic and prebiotic activities [8] [9] [10] [11] [12] [13] [14] . Antioxidant activity such as1,1-diphenyl-2-picrylhydrazyl (DPPH) and ABTS radical scavenging activity, reducing power, chelating effects assay and β-carotene bleaching were found for shrimp shell carotenoprotein [9] , shrimp processing by-products carotenoprotein and hydrolysate [10] [11] [12] [13] [14] . Moreover, Robert et al. [15] have reported antimicrobial properties from hydrolysate of white shrimp (Litopenaeus vannamei) by-products.
The aforementioned studies suggest that shrimp hydrolysate could be utilized to develop natural antioxidants and antimicrobial qualities for improving both quality and shelf-life of lipid-rich and perishable food products. Several studies have proved successful in creating certain natural antioxidants like protein hydrolysate or isolate to replace synthetic antioxidants or fortify lipid-rich food products, such as blacktip shark skin gelatin hydrolysates in cooked comminuted pork [16] , chicken meat hydrolysate in mortadella-type sausages [17] , cuttlefish skin gelatin hydrolysates in turkey meat sausage [18] , and fish protein isolate in meat and fish balls [19, 20] . Addition of skipjack roe protein hydrolysate in fish emulsion sausages was shown to retard lipid oxidation of the sausage and could prevent the development of rancidity during extended storage of 12 days [21] . Nasri et al. [13] also reported that the incorporation of goby fish protein hydrolysates in turkey meat sausage showed effective inhibition of meat lipid peroxidation. Therefore, the aim of this study was to determine the effect of shrimp hydrolysate on the physical and chemical properties of fish tofu during refrigerated storage. Furthermore, the effect of the hydrolysate on microbial load and sensory evaluation were also investigated.
Materials and methods

Chemicals
Fish surimi produced from splendid ponyfish (Eubleekeria splendens) flesh was supplied by S.P. Marketing Supply Limited, Samutsakorn, Thailand. Giant catfish viscera proteases were produced according to Ketnawa et al. [22] . Trichloroacetic acid (TCA), thiobarbituric acid, hydrochloric acid, and sodium hydroxide were obtained from Merck (Darmstadt, Germany). 1,1,3,3-Tetramethoxypropane was procured from Sigma-Aldrich (Sigma Chemical Co., St. Louis, MO, USA) and other chemicals of analytical grade were purchased from UNIVAR, (Ajax Finechem, Australia).
Preparation of shrimp hydrolysate
An amount of 250 g of boiled shrimp (Penaeus vannamei, whole body) stored at −20 °C for 20 months was minced with a blender, and aliquots were further mixed with three volumes of warmed 0.1 M Tris-HCl buffer, pH 8.0. The samples were then hydrolyzed by the farmed giant catfish viscera protease (G) (8 U/g protein) at 50 °C, pH 8 for 3 h. The hydrolysis processes were always controlled by a pH-stat (TIM 856, Radiometer Analytical, Villeurbanne Cedex, France). At the end of the experiment, the mixtures were heated at 95 °C for 20 min to inactivate proteases. The samples were then filtered through two layers of sheet cloth to separate the big particles out. Then, the obtained liquid was centrifuged at 12,000×g at 5 °C for 30 min (Beckman Coulter J2-mc, USA). The protein hydrolysate (supernatant) and precipitate were then collected. The supernatant was lyophilized and referred to as shrimp hydrolysate and kept at −20 °C for further use. Shrimp hydrolysate was assessed for chemical components before application into fish tofu. Moisture content, protein, ash and polyethylene glycol 2000 Da were 78.86, 17.29, 3.21 and 19.41 %, respectively. The color of the hydrolysate was white gray, and had an odor like shrimp.
Preparation of fish tofu
Fish tofu was prepared by using commercial PEP™ Fish tofu ingredients (w/w): 53.50 % surimi, 12.70 % ice, 12.50 % egg white, 8.50 % soybean flour, 4.50 % tapioca flour, 4.50 % soybean oil, 1.20 % salt, and 2.40 % sugar. Surimi was mixed with NaCl at 4 °C at medium speed in a food processor (MK-5086 M Panasonic, Malaysia) for 5 min. Subsequently, sugar was added, mixed at medium speed for 5 min, and maintained temperature by adding ice. Other ingredients, including soybean flour, tapioca flour, egg white, and oil was added and mixed at the same speed for 5 min. The shrimp hydrolysate was incorporated at varying concentrations 0 % (control), 0.05, 1.00, and 2.00 % (w/w). The mixture was continuously ground for 5 min and the final temperature of the mixture was not higher than 10 °C. The batters were manually stuffed into aluminum foil steam table pans (6 inches) covered with PVC film. The samples were steamed for 12 min until cooked, prior to deep fat frying (palm oil) at 170 °C for 5 min, using a basket deep fryer machine (Fritel™ Type 3000, Belgium). The cooked fish tofu was cooled to room temperature. The cooled fish tofu was assessed for cooking loss, moisture content, and fat content. The rest of the samples were transferred to polyethylene bags, sealed, and kept at 4 °C for other physical, chemical, and microbial quality assessments, and sensory evaluation.
Determination of cooking quality after frying
Cooking loss
After frying, the samples were put on a layer of paper towels to remove the excess moisture and oil, then left at room temperature. Twelve fish tofu (2.5 × 2.5 × 2.5 cm) were selected randomly and weighed using an analytical balance (Sartorius, ED224S, Goettingen, Germany) directly. The cooking loss was calculated according to Aleson-Carbonell et al. [23] as follows:
Moisture content
After the frying step and removal of adhered surface oil by tissue paper, three cubes of fish tofu (2.5 × 2.5 × 2.5 cm) were weighed once more and oven dried at 105 °C to constant weight (approximately 24 h) to determine the amount of moisture evaporated from the pieces during frying. The moisture content was calculated as follows:
Oil content
After removing the adhered surface oil, the only remaining oil in the fish tofu was the oil left from frying. The oil content was determined by using a Soxhlet apparatus, following the procedure of the Association of Official Analytical Chemists [24] .
Cooking loss =
Initial weight of sample − Weight of cooked sample Initial weight of sample × 100
Moisture content (%) = Initial weight of cooked sample − Weight after drying Initial weight of cooked sample × 100
Determinations during storage
Fish tofu with different levels of hydrolysate at 0 % (control), 0.05, 1.00, and 2.00 % (w/w) were monitored for chemical properties every 2 days for a total of 14 days. Texture and sensory evaluation was conducted on days 0, 7, and 14, color measurement was determined on days 0 and 14 of storage. Cooking loss, moisture content, and oil uptake analysis were investigated only in freshly prepared products (day 0).
Thiobarbituric acid-reactive substances (TBARS) measurement
Samples were analyzed for TBARS on days 0, 2, 4, 6, 8, 10, 11, 12, 13, and 14 post-cooking, according to the method of Buege and Aust [25] . One gram of sample was homogenized with 5 ml of solution containing 0.0375 % (w/v) TBA and 15 % (w/v) TCA in 0.25 M HCl and then subjected to heat at 95 °C for 10 min to develop a pink color. The heated sample was then cooled under running tap water and centrifuged at 8385 × g for 10 min in a centrifuge (PLC-05, Industrial Corp. Taipei, Taiwan). The supernatant was measured for absorbance at 532 nm using a UV-Vis spectrophotometer (Thermo Scientific™ GENESYS 10S, USA). 1,1,3,3-Tetramethoxypropane (TMP) at a concentration ranging from 0 to 10 ppm was prepared and used as a standard curve. TBARS were expressed as mg malonaldehyde/kg sample. Triplicate samples were analyzed for each batch.
Microbiological analysis
The samples with different levels of hydrolysate at 0 % (control), 0.05, 1.00, and 2 % (w/w) were monitored for microbial quality every 2 days up to 14 days. Fish tofu (10 g) was collected aseptically in a stomacher bag and 10 volumes of peptone solution (0.01 %, w/v) were added. After homogenization in a Stomacher blender (Stomacher M400, Seward Ltd., Worthington, England) for 2 min, a series of tenfold dilutions were made using the same solution. 
Color measurement
Color of samples were measured by Hunterlab MiniScan and reported using the CIE system (International Commission on Illumination). L * , a * , and b * parameters indicated lightness, redness/greenness, and yellowness/blueness, respectively. Color measurement was carried out in twelve replicates for each treatment. The color parameters were also converted into whiteness by calculation using the following equation:
Texture profile analysis
Texture profile analysis (TPA) was performed using a TA-XT2 texture analyzer (Stable Micro Systems, Godalming, Surrey, UK) and Texture Expert Exponent software. Twelve cubic samples of fish tofu were prepared and placed on the instrumentʼs base. Each sample was cut perpendicular in the middle of the piece. The square-shaped blade was pressed down at a constant speed of 2 mm/s through the sample. The textural attributes calculated were firmness (g) and toughness (g s).
Sensory evaluation
Sensory evaluation was performed by 30 untrained panelists with ages ranging from 20 to 35 years, who were familiar with the consumption of fish tofu. Before testing, fish tofu were cooked and prepared by turning every 3 min until cooked to an internal temperature of 71 °C. Samples were labeled with 3-digit random numbers and served within 2 min of cooking in random order to panelists in individual booths. Panelists were asked to evaluate for color (surface and inside), texture, and overall acceptability (apart from eating) of samples using a 9-point hedonic scale, in which a score of 1 = not very acceptable, 5 = neither acceptable nor unacceptable, and 9 = extremely acceptable, respectively [26] .
For odor evaluation, samples were also evaluated for rancidity by the same group as sensory evaluation, using a scale of 0-10, where 0 and 10 represent no odor and the strongest odor, respectively.
Statistical analysis
The mean comparison was carried out using a multivariate analysis with Duncanʼs multiple range tests. Significance of difference was defined at P < 0.05. The analysis was performed by using an SPSS package (SPSS 16.0 for Window, SPSS Inc., Chicago, IL, USA).
Results
Cooking quality
Cooking loss was calculated for the fried fish tofu and is shown in Table 1 . The increasing levels of shrimp hydrolysate had no significant effect on cooking loss relative to the control except for fish tofu with 2 % (w/w) shrimp hydrolysate (P < 0.05). The lowest cooking loss was for the control sample (12.85 %) whilst the highest one was for addition of shrimp hydrolysate of 2 % (w/w) (19.72 %) Moisture content and fat content in the fried fish tofu were determined and are shown in Table 1 . The moisture content of the fish tofu incorporated with shrimp hydrolysate was between 54.95 and 60.31 %, and it was significantly lower (P < 0.05) than that of the control samples (62.21 %). Fat content in treated samples ranged from 3.46 to 3.96 % and was significantly lower than the control (5.71 %).
Effect of shrimp hydrolysate on fish tofu lipid oxidation
Shrimp hydrolysate that was hydrolyzed by viscera alkaline proteases from farmed giant catfish showed ABTS (2,2-Azinobis(3-ethylbenzothiazoline-6-sulfonic acid) radical scavenging activity, FRAP (Ferric reducing antioxidant power), and metal ion chelating at 551.75 ± 2.93 ascorbic acid equivalents/g sample, 5.55 ± 0.07 µmol Fe 2+ equivalents/g sample, and 44.81 ± 0.54 µmol EDTA equivalents/g sample, respectively. Hence, the effect of Table 1 Cooking quality, moisture and fat content of fish tofu produced with different levels of shrimp hydrolysate after frying A CT, without shrimp hydrolysate addition; T1-T3, addition of shrimp hydrolysate at the level of 0.05, 1.00 and 2.00 % (w/w), respectively. Values are given as mean ± SD Different letters within the same column indicate the significant differences (P < 0.05) Lipid oxidation in fried fish tofu containing shrimp hydrolysate at levels of 0.05, 1.00, and 2.00 % (w/w) was monitored during storage at 4 °C for 14 days, using TBARS, as shown in Fig. 1 . The meat system containing higher levels of shrimp hydrolysate had lower TBARS during the storage period (P < 0.05). TBARS values ranged from 2.58 to 5.30 mg MDA/kg during storage. After 12 days of storage, no difference in TBARS between the meat system containing gelatin hydrolysate at levels of 0.05 and 1.00 % (w/w) was noticeable (P > 0.05). A concentration of 2.00 % (w/w) of shrimp hydrolysate was generally more effective in inhibiting lipid oxidation in the fish tofu than other concentrations. The TBARS of fish tofu with and without antioxidants increased as a function of storage time up to 10 days of storage (P < 0.05). Thereafter, a decrease in TBARS was observed after day 10 until the end of storage (P < 0.05).
Changes in microbiological properties
The results presented in Fig. 2 demonstrate the microbiological analyses of the fish tofu during the storage period (4 °C, 14 days). The data showed that the counts of all determined microbiological indicators were significantly (P < 0.05) affected by the addition of the shrimp hydrolysate, especially when 2 % shrimp hydrolysate was added. The TVC rapidly increased during the first 2 days of storage; however, a gradual increase was found up to a storage time of 14 days (Fig. 2a) . At a storage time of 14 days, the highest number of TVCs (4.21 log CFU/g) was obtained from fish tofu without shrimp hydrolysate. For yeast and mold, the growth number was constant during the first 2 days of storage followed by a gradual increase until the end of storage, as presented in Fig. 2b . There were no differences between fish tofu with 0.05 and 1 % (w/w) shrimp hydrolysate and the control at the end of storage (P > 0.05).
The same trend was also detected in fish tofu with 2 % (w/w) shrimp hydrolysate that provided the lowest number of colonies. Furthermore, E. coli was also investigated, but was not present from day 0 until day 14 in fish tofu with and without shrimp hydrolysate.
Changes in textural properties
Changes in textural properties of the cooked fish tofu during storage are shown in Fig. 3 . The addition of shrimp hydrolysate affected (P < 0.05) the texture profile of fish tofu. Firmness and toughness in the control treatment (CT) were higher than those of the other treatments with shrimp hydrolysate. It was observed that the firmness values continuously decreased when the level of shrimp hydrolysate increased. At zero day, treated samples at levels of 0.05, 1, and 2 % (w/w) of shrimp hydrolysate reduced the firmness of the samples by about 4.43, 11.36, and 24.02 %, respectively, when compared to the control. As storage time increased to 14 days, the control sample had a slight increase in firmness but decrease in toughness (P > 0.05). Decreased toughness with increased storage time was observed in all samples. Reduction of tofu firmness is related to moisture content in the product ( Table 1) . As shown in Table 1 , the moisture contents for fish tofu with 0.05-2 % (w/w) of shrimp hydrolysate were lower than the control.
Change in color
Color changes affected by addition of shrimp hydrolysate are summarized in Table 2 , in which mean values and standard error are presented for each color parameter (L * , a * , b * , and whiteness). The addition of shrimp hydrolysate affected the color attributes of fish tofu depending on storage time. As for the lightness (L * ) index, surface lightness was increased significantly as storage time increased (P < 0.05). The L * values were between 58.72 (day 0) and 62.73 (day 14) and not significantly different (P > 0.05) among treatments on the same day of storage. The opposite trend was observed in inside lightness, so that L * ranging from 74.54-66.20 was decreased in all samples when storage time increased, especially in fish tofu with 0.05-2.00 % shrimp hydrolysate. The redness (a * ) parameter of fish tofu was less, especially the inside a * value (1.21-2.46). The a * value for all samples decreased as the storage time increased, whereas the opposite trend was observed with the inside a * value. With regard to the yellowness parameter (b * ), surface color yellowness for all samples decreased when shrimp hydrolysate levels increased. However, for inside color, b * increased significantly in all samples from storage day 0 until 14. Moreover, the results showed that the control sample showed the biggest difference in b * values between day 0 (14.59) and day 14 (20.41) of storage. These results showed the same trends as TBARS values in Fig. 1 . The whiteness values were clearly observed inside the fish tofu rather than on the surface. The surface whiteness of all samples increased (P > 0.5) whereas inside whiteness decreased with increasing storage time. The darkest color was found in fish tofu with 2.00 % (w/w) shrimp hydrolysate (T3). The results were in accordance with the lowest acceptability score for T3 for inside color tested by panelists (Table 3) .
Changes in sensory properties
Color (surface and inside), texture, and overall acceptability of fish tofu with different amounts of shrimp hydrolysate (0-2 %, w/w) during storage were scored by 30 untrained panelists as shown in Table 3 . There were no differences in all attributes amongst all samples (P > 0.05) at day 0 of storage. The addition of increasing levels of shrimp hydrolysate had a negative effect on the sensory parameters analyzed by the panelists over increasing storage time. The acceptability scores on day 14 were slightly lower than those of day 0 and the degree of decrease varied with samples. Increasing protein hydrolysate levels resulted in decreasing overall acceptability (P < 0.05). On day 14 of storage, the control showed the highest overall acceptability score, compared with others (P < 0.05).
Changes in odor (fishiness and rancidity) of fish tofu with and without shrimp hydrolysate at various levels were monitored during storage, and are depicted in Table 4 . During storage, there were no differences in fishy odor amongst all samples (P > 0.05). Higher rancidity was found in the control at all storage times tested (P > 0.05). On day 14, the control sample (CT) and that containing 0.05 % w/w of shrimp hydrolystae (T1) showed higher rancidity than the others (P > 0.05). Similar rancidity was found between samples with 1.00 and 2.00 % (w/w) shrimp hydrolysate (P > 0.05).
Discussion
Cooking loss measures the ability of the system to bind water and fat after protein denaturation and aggregation, demonstrating how well the moisture or juiciness is retained in the cooked product [4] . The highest yield shown in control samples seems to be consistent with higher fat and water retention. The greatest cooking loss was observed when the greatest amount of the hydrolysate was added. This is probably due to interference effects of these other compounds into the protein cross-linking structure. Protein-protein interaction between myofibrillar proteins (control sample) is probably stronger than that of myofibrial proteins-protein hydrolysate. Thus, the presence of shrimp hydrolysate in treated samples extended cooking loss and reduced cooking yield. It is obvious that these yield values are related to fat and water retention. RochaGarza and Zayas [27] reported that, in meat products, quality attributes such as texture, structural binding, and yield are determined by the ability of the protein matrix to retain water and bind fat. Conversely, the results show that soybean protein hydrolysate added to beef burgers at levels of 1, 2, and 3 % significantly reduced cooking loss [28] . Cavalheiro et al. [17] reported that the moisture content of sausages made with mechanically deboned chicken protein hydrolysate (10-30 %) was lower than the control. This finding agrees with our results. Addition of the shrimp protein hydrolysate powder directly affected the water absorption of the recipes. Dried particles of the hydrolysate compete to interact with water molecules in the formulation, so 1 CT, without shrimp hydrolysate addition; T1-T3, addition of shrimp hydrolysate at the level of 0.05, 1.00 and 2.00 % (w/w), respectively 2 Values are given as mean ± SD. Different lowercase letters within the same column at the same storage time indicate significant differences (P < 0.05). Different uppercase letters within the same row at the same shrimp hydrolysate level indicate significant differences (P < 0.05) increased hydrolysate in the recipe decreased the moisture content. In contrast, incorporation of 50 % of fish protein isolate into fish balls showed higher amounts of moisture than the control samples (100 % fish flesh) [19] . This may be due to the thermal denaturation of proteins [19] . Myofibrillar protein, the major protein component in surimi, possesses a gel-forming ability [29] . During gelation of fish tofu, proteins unfold, exposing the functional group imbedded inside myosin. These functional groups are subsequently involved in the formation of intra-and intermolecular bonds during the aggregation process to form a three-dimensional network. However, additional of protein hydrolysate may interrupt or disconnect the myofibrillar protein gel network, leading to loss of gel strength [30] . Incorporation of shrimp hydrolysate resulted in increased breaking force and deformation of fish tofu gels. It is worth noting that moisture loss is a critical factor that affects the quality and acceptability of cooked meat products. Since ready-to-eat meat products are usually subjected to precooking, freezing, and later reheating, it is desirable to have tenderness and moistness retained through a suitable formulation [19] .
Fat content decreases with increased hydrolysate. This is because the fat is now bound to the functional groups, then it is not available for detection. So, then the addition of shrimp hydrolysate in fish tofu affects the fat content. The samples had a lower fat content when larger amounts of the hydrolysate was added because the components in the recipe have many more functional groups, especially from the Table 3 Acceptability scores of fish tofu added with shrimp hydrolysate at various levels, during refrigerated storage 1 CT, without shrimp hydrolysate addition; T1-T3, addition of shrimp hydrolysate at the level of 0.05, 1.00 and 2.00 % (w/w), respectively 2 Values are mean ± SD from 30 determinations. Different lowercase letters within the same column at the same storage time indicate significant differences (P < 0.05). Different uppercase letters within the same row at the same shrimp hydrolysate level indicate significant differences (P < 0.05). Scores were based on 1 = not very acceptable, 5 = neither acceptable nor unacceptable, and 9 = extremely acceptable (Table 1) . According to that phenomenon, the fat is not available for detection because it is now bound to functional groups. Normally, in meat products, the fat content depends on the amount added in the formulation. Soybean oil and soybean flour were added to the formulation at 4.5 and 8.50 %, respectively. Incorporation of fish protein isolate in meat (25 % FPI + 75 % beef meat) and fish balls (50 % FPI + 50 % fish flesh) reduced the fat content of the samples [19] . Fish tofu is a processed meat product known as an emulsion-type product. This means that there is a dispersion of small liquid droplets in the continuous (dispersing) phase of another liquid that is miscible with the material of the droplets. The characteristic rheological properties of meat products made from highly comminuted batters are the result of protein matrix gelatins which build films around the lipid emulsions and the dispersed phase. The stable films around the lipid droplets prevent coalescence of the dispersed phase, i.e., joining of the droplets to form larger spheres, which, by combining with further large droplets would form a separate continuous phase. Large proteins of high gelling ability form strong, viscoelastic protecting films at the interface, stabilizing emulsions well. The additional of hydrolysates to the fish tofu recipe also contributing to decreases in the rate of creaming and coalescence. Coalescence leads to release of free fat, thus decreasing fat content in that product [31] . For lipid peroxidation, the inhibition of TBARS production in meat products with added protein hydrolysate was most likely due to its radical scavenging activity as well as chelating activity toward Fe 2+ , a pro-oxidant in the meat system [32] . However, the decrease in TBARS after day 10 until the end of storage was probably due to the loss of oxidation products formed, particularly low MW volatile compounds. Malondialdehyde and other short-chain products of lipid oxidation are not stable and are decomposed to alcohols and acids, which are not determined by the TBA test [33] . The obtained results showed a similar trend to previous reports by Intarasirisawat et al. [20] ; Kittiphattanabawon et al. [16] ; Nasri et al. [13] , and Jridi et al. [18] that meat or meat products incorporated with protein hydrolysates can retard lipid oxidation by lowering the number of TBARS compared with those without hydrolysate samples.
For microbial changes, the results showed that addition of shrimp hydrolysate in fish tofu could inhibit microbial growth. TVC over 5 log CFU/g indicates the deterioration and unacceptance of meat products [34] . Thus, shelf-life of fish tofu was approximately 13-14 days based on the limit for TVC. A similar result was also reported for cooked fish emulsion sausage with added fish roe hydrolysate at different concentrations (0.5-3.0 g/100 g) during storage at 4 °C. The addition of fish roe hydrolysates with concentrations of 1 and 3 g/100 g could retard microbial growth when compared with other treatments (P < 0.05) [20] . It has been reported that some peptides exhibited antimicrobial activity [21, 28, 35] . The possible factors involved in the antimicrobial effect of protein hydrolysate/peptides included amino acid composition, sequence, molecular weight, and type of bacteria [32] . The hydrophobic character of amino acids would let peptides enter the bacterial membrane, as the positive charge would initiate the peptide interaction with the negatively charged bacterial surface [36] . Other possible mechanisms include the tendency to form discrete channels in lipid bilayers, disturbance of the lipid bilayer because of carpet-like peptide binding, specific peptide-lipid interaction that results in phase separation, detergent-like solubilization of the membrane and even peptides that enter the cell, leaving the membrane intact. Shrimp hydrolysate may contain some hydrophobic amino acids which affect microorganism growth, and hence could effectively extend the shelf-life of fish tofu to around 14 days at 4 °C.
For textural changes, the influence of texture-modifying agents on hardness associated with the water-binding property of the agents is complicated and remains in dispute [37] . Lower values of firmness and toughness of cooked fish tofu with the addition of shrimp hydrolysate may be associated with weaker internal structure of the treated sample than that of the traditional form. This might be plausibly due to the greater oxidative damage to proteins in the control sample, which led to the formation of protein crosslinks [38] . Decreasing of toughness with increasing storage time could be related to moisture loss and the dilution effect of shrimp hydrolysate in meat protein systems. Some authors have reported that the dilution effect of nonmeat ingredients in meat protein systems primarily accounted for a soft texture [39] . As a consequence, increased firmness and decreased toughness of fish tofu were obtained. The results of the texture profile analysis were in accordance with those found by Sun et al. [37] and Cavalheiro et al. [17] who observed a decrease in the texture parameters of Cantonese sausages and Mortadella-type sausage due to the addition of Maillard reaction products and protein hydrolysate derived from mechanically deboned chicken.
For color changes, the surface redness generated from frying was due to a Maillard reaction between amino acids and reducing sugars (4.5 % w/w of sugar in formulation). The increase in value of L * resulted from the free water that was released to the surface of the product [40] . It is reasonable to conclude that shrimp hydrolysate did not maintain water in gel, which corresponded to the increase in lightness, moisture loss and toughness (Table 1; Fig. 3 ). The Maillard reaction is common in the browning of foods by heating or by storage, and is usually due to a chemical reaction between reducing sugars, mainly d-glucose, and a free amino acid or a free amino group of an amino acid that is part of a protein chain [41] . The a * value for all samples decreased as the storage time increased. This might be due to the Maillard reaction as well. Generally, people accept and prefer a light yellowish surface and a white inside color in fish tofu; however, the colors were darker in T3, which had most protein hydrolysates and a lower moisture content than other treatments. As moisture content decreases, the reactants become more concentrated, resulting in a higher rate of Maillard reaction product formation [41] . In other words, as oxidation increased, inside lightness decreased (the samples became darker, especially the inner color). This might be because during the advanced stages of lipid oxidation, the breakdown of hydroperoxides generates low molecular-weight carbonyl and alcohol compounds that could lead to changes in food quality, which affect the color, texture, flavor, and odor characteristics. The resulting products of a reaction between proteins and oxidized lipids form yellow pigments [42] .
Increasing the protein hydrolysate level resulted in decreasing overall acceptability (P < 0.05). At day 14 of storage, the control showed the highest overall acceptability score, compared with others (P < 0.05). This might be due to the non-uniform surface and unstable color outside and inside fish tofu samples. The panelists were required to do sensory evaluation by appearance without tasting. The acceptability scores on day 14 were slightly lower than those of day 0 and the degree of decrease varied with samples according to deterioration by lipid oxidation and microbial growth. Even though samples with shrimp hydrolysate resulted in lower acceptability scores, it could still be incorporated into fish tofu to retard the development of rancid odor. This was in accordance with the TBARS values ( Fig. 1) showing that oxidation was slower in the samples with shrimp hydrolysate at higher levels.
In conclusion, based on the results of this study, shrimp hydrolysate could be an alternative natural substance for enhancement of oxidative stability as well as deterioration of microbial growth in meat products. Shrimp hydrolysate at a level of 2 % (w/w) formulation can be applied to improve the toughness and extend the shelf-life of fish tofu. Shrimp hydrolysate exhibits good antioxidant and antimicrobial activity in fish tofu and may be a promising natural ingredient that could be utilized in other products.
